fundamental mechanism of protein biosynthesis is the same. However, the actual degree of similarity of the whole ribosomes is not known, and significant differences are Summary known to exist. Due to insertion elements in the rRNA molecules (Gerbi, 1996) . Binding and recognition events in these processes do not necessarily take place at those ribosomal The translation of the genetic message is carried out by sites that are highly conserved among bacterial and ribosomes, large macromolecular machines that consist eukaryotic ribosomes. Therefore, structural understandof ribosomal RNA (rRNA) and 50-80 ribosomal proteins ing of protein biosynthesis and related processes in eukaryotes will depend on the availability of structural information about the 80S ribosome.
Results and Discussion

The model of the 80S ribosome derived describes the intersubunit bridges and the contacts between the 80S
Docking of Atomic Models into the Cryo-EM Map
In the absence of an atomic resolution map of a macroribosome and the P site-bound peptidyl-tRNA at the molecular level. In the accompanying paper, this model molecular complex, docking of atomic models of its components into a lower-resolution cryo-EM map is a is used to derive molecular information about the inter- The 40S Subunit versus the 30S Subunit The 40S ribosomal subunit shows the classical division models were modified by moving nonfitting parts (e.g., helices) as rigid bodies relative to the rest of the model. into head, body, and platform (Verschoor et al., 1998; Dube et al., 1998). However, it is not easy to align the Homology models were calculated for those yeast ribosomal proteins that were found to be related to a bacteoverall shape of the 40S subunit from yeast with the bacterial 30S subunit. Due to extra density in the 40S rial or an archaebacterial protein of known 3D structure. In total, homology models were obtained for 43 yeast subunit and a change in orientation of some elements, the 40S subunit is longer than its bacterial counterpart ribosomal proteins (15 for the 40S subunit [ Figures 3a  and 3b] , 28 for the 60S subunit [ Figure 4 ]) and positioned and shows a strong subdivision at the bottom part of the body into a "left foot" and a "right foot" (Figure 1 ). in the protein map of the 80S ribosome. In calculating the homology models, it was advantageous that the Extra density is mainly present (1) at the bottom of the 40S subunit, responsible for the increase in length of X-ray structure of the 50S subunit was from an archaebacterial species, since the protein composition of euthe subunit, (2) below the platform, forming the "left foot" and the "back lobe" of the 40S subunit, (3) at the karyotic ribosomes is more closely related to archaebacterial ribosomes than to bacterial ones. "beak," and (4) at the solvent side of the head, building the "head lobe." Accuracy of the RNA-protein separation method is not absolute; e.g., flexible RNA can be assigned to the The 40S ribosomal subunit of S. cerevisiae is composed of the 1798 nucleotide (nt)-long 18S rRNA and protein map, and a small protein cluster to the rRNA map. However, the overall agreement of the separated 32 ribosomal proteins. The 18S rRNA is 256 nt longer than the 16S rRNA of E. coli, and the yeast 40S subunit maps with the atomic models is very good. There is generally excellent agreement between the shape of the contains 11 more proteins than the 30S subunit from E. coli. Consequently, both insertion elements in the 18S protein densities and the homology models, showing that the observed sequence similarities are indeed rerRNA ( Figure 2a ) and additional ribosomal proteins (Sup-plemental Table S1 ) are responsible for the extra mass work of interactions connecting the platform of the 40S subunit with the lower part of the body, a feature that of the small subunit in eukaryotes.
is specific to eukaryotic ribosomes.
The Structure of the 18S rRNA
The Distribution of Proteins in the 40S Subunit The X-ray model of the 16S rRNA is in good agreement Fifteen of the SSU proteins of yeast have homologous with the map of the 18S rRNA in the region that correproteins in bacteria (Supplemental Table S1 ), while sevsponds to the common core of the SSU rRNA, showing enteen have no homologous counterparts. Density in the that the phylogenetic conservation of secondary struc-40S protein map that is not accounted for by homology ture is indeed reflected in the conservation of the tertiary models predicts the locations of these proteins or of structure. However, some differences due to conformaadditional domains in the homologous proteins ( in the crown view; the other region extends from the bottom of the 60S to the base of the L1 protuberance. The expansion segments are not mere solvent-exposed protuberances, but are frequently involved in tertiary be fitted well into the RNA map of the 60S subunit, again indicating a conserved tertiary core of the 25S rRNA and quaternary contacts, providing additional interdomain interactions. Two expansion segments even form ( Figure 5 ). The X-ray structure of the 50S subunit is Apart from the cluster corresponding to the P proteins, structure, ES27 consists of a more convoluted RNA structure, from which a long rod emerges that runs up the lack of data about the quaternary structure of eukaryotic ribosomes by IEM, cross-linking, or footprinting at the L1 side of the 60S subunit ( Figure 5 ). This rod has clear helical features, and a part of it was also named experiments does not allow further analysis. An overview of the unidentified protein densities and their neigh-"yeast spine" in a lower-resolution cryo-EM structure of the yeast 80S ribosome (Morgan et al., 2000) . In our borhood in the 60S subunit is presented in Supplemental  Table S3 . The vast majority of these clusters appear to present structure, the density of this feature is lower than expected for RNA. In contrast, the same feature is contact more than one component, and the additional ribosomal proteins in yeast might have structural tasks, strong when ribosomes for cryo-EM are purified without subjecting them to an in vitro translation system (Goe.g., stabilizing the tertiary fold of the LSU rRNA, or they might interact with components of the eukaryotic mez-Lorenzo et al., 2000). This behavior can be partially explained by a large conformational change occurring environment. at this element, discussed in the accompanying paper (Beckmann et al., 2001) .
Intersubunit Bridges between the 40S and the 60S Subunit Two more expansion segments are located at the bottom of the 60S subunit. ES24, an extension of helix Protein synthesis requires communication between the small and the large subunit. For example, signals from 59 of 25S rRNA, appears to be involved in the binding (Table 1) to T. thermophilus and also lacks the C-terminal extension that contacts the P site-bound tRNA, this potential in eukaryotic ribosome at the level of detail that is comparable to that achieved for the intersubunit bridges in difference might be species-related, although higher resolution of the yeast ribosome will be required to solve bacterial ribosomes (Figure 6 ). The docking of X-ray models of the rRNAs and homology models of the ribothis question unequivocally. B1b, the sole bridge that does not involve RNA, is formed by an interaction of somal proteins has allowed us to go even a step further and determine the molecular identity of most of the rpS18 (S13p) with rpL11 (L5p) (Figure 6 and Table 1 it has been named B6 (Cate et al., 1999) . rpL24 has conformational change that affects the position of the L1 protuberance in the yeast 80S ribosome. no homologous protein in bacteria, and therefore, this bridge is formed by an analogous protein in T. thermophilus. Indeed, this contact has been attributed to tRNA-Ribosome Interaction at the P Site During protein synthesis, a tRNA has to interact with protein L19p in the X-ray structure of the T. thermophilus map of an eukaryotic 80S ribosome in terms of atomic RNA and protein models. The common core of the eumight therefore also occur in yeast. Moreover, a conformational change of the tRNA upon binding to the ribokaryotic ribosome agrees very well with X-ray structures of the bacterial and archaebacterial subunits and reinsome has been suggested by phosphorothiate footprinting experiments (Dabrowski et al., 1995) .
forces the notion that the fundamental mechanism of protein synthesis is highly conserved throughout all The tRNA density is fused with the ribosome density at several discrete positions. These apparent contacts kingdoms. This view is supported by the finding that the intersubunit bridges and the ribosome-tRNA interacinvolve all four domains of the tRNA (Figure 7) . The docking of models for the rRNAs, the ribosomal proteins, tions are highly conserved, as well. Nevertheless, a few unexpected differences exist even in this highly conand the tRNA allows the parts of the molecules involved in these contacts to be determined, and thereby strong served region. The most pronounced differences in appearance between eukaryotic and bacterial ribosomes candidates for actual molecular interactions to be identified (Table 2) Frank, J., Zhu, J., Penczek, P., Li, Y., Srivastava, S., Verschoor, A.,
